obJect Choroid plexus carcinomas (CPCs) are rare brain tumors originating from the ventricular choroid plexus. They account for 2%-4% of all pediatric brain tumors and are most frequently seen in very young children. This pediatric proclivity, in combination with a marked vascularity, renders an aggressive resection a difficult and often dangerous endeavor. Blood losses of several total blood volumes in small children are not uncommon, sometimes forcing the neurosurgeon to abort the procedure, often leaving residual tumor. Great extent of tumor resection is an accepted beneficial factor for overall survival. Therefore, a second resection usually follows the administration of adjuvant chemotherapy. Second-look surgery appears to be associated with markedly decreased blood loss. Histological examination of specimens obtained at a second intervention shows decreased vascularity and fibrotic changes in tumor tissue. At the Hospital for Sick Children in Toronto, this empirical finding led to the strategy of neoadjuvant chemotherapy to minimize blood loss and maximize cytoreduction. The authors undertook this study to assess the potentially beneficial effect of neoadjuvant chemotherapy on blood loss during surgery for CPCs. methods In this retrospective cohort review, the demographic, clinical, and treatment parameters of 22 consecutive patients diagnosed with CPC are presented. All underwent surgical treatment at the Hospital for Sick Children from 1982 to 2013. Special attention was given to the impact of neoadjuvant chemotherapy on extent of resection and intraoperative blood loss. Extent of resection was calculated based on perioperative neuroimaging, and amount of blood loss was estimated based on transfusion parameters and perioperative changes in hematocrit. results Ten patients did not receive neoadjuvant chemotherapy, and 12 were treated with 2-5 cycles of ICE (ifosfamide, carboplatin, etoposide) chemotherapy in a neoadjuvant fashion. The 22 patients included in the study underwent a total of 37 tumor resection surgeries. In all of the cases in which neoadjuvant chemotherapy was used, at least a near-total resection (> 95% of tumor volume) was achieved. Patients who underwent gross-total resection had prolonged overall survival. Of the 37 resections, 18 were performed after chemotherapy. Mean blood loss in the neoadjuvant chemotherapy group was 22% of total estimated blood volume as opposed to 96% in patients without preoperative chemotherapy. coNclusioNs In children with CPC, the administration of neoadjuvant chemotherapy decreases intraoperative blood loss and increases extent of resection with a significant positive effect on overall survival.
C horoid plexus carcinomas (CPCs) are rare malignant brain tumors originating from the ventricular choroid plexus. They account for 2%-4% of all childhood brain tumors and have an increased incidence in very young children and infants. 4, 9, 12, 17 The treatment of these WHO Grade III neoplasms is difficult for various reasons. First, they show an exquisite vascularity, which-in combination with the tumor's predilection for infants-renders the attempt at an aggressive resection difficult and often dangerous. 9, [15] [16] [17] Second, the young age of the patients usually prohibits radiotherapy, an otherwise rather effective treatment for these tumors. 1, 6, 17, 18 Finally, the involvement of the choroid plexus interferes with the cerebrospinal fluid (CSF) circulation, often leading to decompensated hydrocephalus at presentation, requiring emergent surgical treatment under nonoptimal circumstances. 2 The achievement of a gross-total resection in CPC is widely accepted to be beneficial in terms of overall and possibly also progression-free survival. 16, 17 The role of adjuvant chemotherapy and radiotherapy is still a matter of debate. The low incidence of CPC impedes large-scale studies, and so far, no standard adjuvant treatment protocol exists. 7, 11, 17 At the Hospital for Sick Children in Toronto, the ICE regimen (ifosfamide, carboplatin, and etoposide) has been administered as first-line adjuvant chemotherapy for 3 decades. 10 The primary intention was to treat residual tumor in patients in whom a gross-total resection could not be achieved or to treat disseminated disease. However, when a second attempt at resection was made after the administration of adjuvant chemotherapy, it appeared that tumor vascularity was significantly reduced. Grosstotal resection seemed to be easier and blood loss less of a concern. 15 Histological assessment of the tumor tissue from these second resections showed fibrotic changes and a markedly decreased vascularity. 10 This empirical finding-also reported in the literature-eventually led to an institutional change in management, with the administration of ICE chemotherapy in a neoadjuvant fashion. 10, 13, 14 In 1999, the first patient underwent an intentional diagnostic biopsy with tumor resection delayed until several cycles of neoadjuvant ICE chemotherapy were administered. Whenever clinically possible, this approach has been pursued since then. The rate of gross-total resections seemed to improve-as reported by Lafay-Cousin et al.-based on the patients treated at the Hospital for Sick Children until 2006. 10 The aim of this retrospective review is to update those data with information on the patients treated at our institution to date. In addition, special attention will be directed to the impact of neoadjuvant chemotherapy on intraoperative blood loss and overall survival. 10, 16, 17 methods study design
Given the low incidence of CPC, a retrospective cohort review design had to be chosen. The Department of Neurooncology database was searched for the histological diagnosis of CPC. After permission from the institutional research ethics board was obtained, a chart review was performed for demographic, clinical, and treatment parameters. In addition, tumor size and extent of resection were calculated from the patients' perioperative neuroimaging studies. Microsoft Access 2013 was used for data entry and organization.
For the assessment of the impact of neoadjuvant chemotherapy, group comparison was performed in 2 different ways. First, all patients were stratified into 2 groups, one with and one without neoadjuvant chemotherapy ("patients with neoadjuvant chemo" and "patients without neoadjuvant chemo"). The neoadjuvant chemo group was defined as including all patients who underwent at least 1 additional resection within 1 year of chemotherapy (i.e., within the first 12 months after completion of the course of treatment), regardless of the type of their first surgical intervention.
The second comparison addressed surgical parameters to assess blood loss in the actual surgical procedures. Similar to the group comparison described above, all resections were stratified into two groups based on the use of neoadjuvant chemotherapy, although this time the analysis was by procedure (i.e., "resection following neoadjuvant chemo" and "resection without neoadjuvant chemo"). Again, resection had to follow chemotherapy within 1 year.
Patients with and without Neoadjuvant chemotherapy
In addition to demographic parameters, extent of tumor resection (EOR) and patient survival data were analyzed. To assess the impact of EOR on survival, measurements of pre-and postoperative tumor volumes were performed. Tumor volumes were approximated with the following formula: V = 1/6 × p × D1 × D2 × D3, where V represents volume and D1, D2, and D3 represent the largest diameter in all 3 dimensions measured on contrast-enhanced MRI or CT imaging. For every surgical intervention except diagnostic biopsies, the percentage of resected tumor volume was calculated. Gross-total resection was defined as no visible contrast-enhancing lesion on neuroimaging according to the neuroradiologist's assessment. Near-total resection implied a residual tumor volume of less than 5%, and partial resection a residual tumor volume of 5% or more.
In patients who underwent several surgeries, the EOR data for the first tumor resection surgery was used in the "patients without neoadjuvant chemo" group, and data for the first resection after chemotherapy in the "patients with neoadjuvant chemo" group. Kaplan-Meier survival curves were then calculated with the parameters neoadjuvant chemotherapy and EOR as factors for comparison.
resections with and without Neoadjuvant chemotherapy
To assess the effect of neoadjuvant chemotherapy on individual surgical procedures in terms of blood loss and EOR, every resection was then evaluated separately. Similar to the definition above, resections were stratified into those in which resection followed chemotherapy within 1 year of the end of the course of treatment and those performed without previous chemotherapy. EOR data were calculated as described above.
Perioperative blood loss was approximated using the following formula: CBL = RBC + EBV -(Hct pre -Hct post), where CBL = calculated blood loss, RBC = volume of red blood cells transfused, EBV = estimated blood volume (80 ml/kg), Hct pre = preoperative hematocrit, and Hct post = postoperative hematocrit. 3 For clinically relevant comparison, the percentage of blood loss in relation to the patient's estimated total blood volume is reported. Additionally, to assess potential predictors for blood loss, 2 groups were formed, using 25% of estimated blood volume as a cutoff point (i.e., blood loss < 25% of estimated blood volume and blood loss ≥ 25% of estimated blood volume).
statistical analysis
After data collection, the database was deidentified and transferred to IBM SPSS v22 for statistical analysis. Group comparisons were performed using the chi-square/ Fisher exact test for categorical variables and the t-test for comparison of means or the Mann-Whitney U-test for continuous variables. For survival analysis, Kaplan-Meier plots were generated in the R v3.1 statistical environment, using the R packages survival (v2.37) and ggplot2 (v0.9.3.1). An event was defined as death of the patient, and for those who did not die, censoring was performed at the last known follow-up, with right-censoring at 10 years. Time to event or censoring was recorded as years from the date of the first pathologic imaging. Two grouping variables (neoadjuvant chemotherapy and EOR) were compared with regard to survival time by means of the log-rank method. Potential predictors (age, weight, tumor volume resected, and neoadjuvant chemotherapy) for high blood loss (≥ 25% of estimated blood volume) were additionally included in a multivariable logistic regression analysis to identify possible independent predictors. For all statistical tests, significance was assumed at an error probability of less than 5% (p < 0.05).
Finally, blood loss as percentage of estimated total blood volume is reported in a box-and-whiskers plot, stratified by preoperative use of neoadjuvant chemotherapy, with the 25th, 50th, and 75th percentiles indicated by the box, and the 5th and 95th percentiles indicated by the whiskers.
results
From December 1982 to September 2013, 22 consecutive patients were surgically treated for histologically confirmed CPC at the Hospital for Sick Children. Inclusion criteria for this study were met in all cases. Table 1 gives an overview of these cases. Ten patients (45%) did not receive neoadjuvant chemotherapy, 12 patients (55%) were treated with the ICE regimen (ifosfamide 3g/m 2 on Days 1 and 2, etoposide 150 mg/m 2 on Days 1 and 2, and carboplatin 600 mg/m 2 on Day 3) in a neoadjuvant fashion. The administration of neoadjuvant chemotherapy delayed resection by a mean of 139 days. A median of 4 neoadjuvant cycles were administered (range 2-5 cycles). In the group of patients who received neoadjuvant chemotherapy, 1 patient underwent gross-total resection and 6 underwent partial resection before chemotherapy, and 5 patients underwent diagnostic biopsy only.
Ten (46%) of the 22 patients were female. The patients' mean age at diagnosis was 33 months. Ten patients (46%) were alive at last follow-up and 9 (41%) had died (mean duration of survival after diagnosis for these 9 patients: 20 months). Information on the survival status of 3 patients (14%) could not be obtained. Four patients (18%) had evidence of disseminated disease at presentation, with the reservation that imaging of the whole neuraxis as routine staging has been performed only since the MRI era. In group comparison, the patients treated with neoadjuvant chemotherapy had a longer mean time to death (38 vs 6 months, p = 0.01) and a higher rate of gross-total resections (83% vs 30%, p = 0.03). No significant differences could be found between the groups of patients with and without neoadjuvant chemotherapy with respect to the variables sex, age, survival status at follow-up, follow-up time, tumor volume at diagnosis, and administration of radiotherapy.
The results of Kaplan-Meier survival analysis stratified by the parameters "neoadjuvant chemotherapy" and "extent of resection" are reported in Figs. 1 and 2 , respectively. Patients treated with neoadjuvant chemotherapy appear to have an improved survival (log-rank p value = 0.03), as do patients with a near-total or gross-total resection (logrank p value = 0.03).
The 22 patients included in this study underwent a total number of 37 surgeries for tumor resection. Table 2 summarizes these interventions stratified according to the use of neoadjuvant chemotherapy. In comparing resections performed with and without previous chemotherapy, a higher percentage of procedures performed after neoadjuvant chemotherapy resulted gross-total resection (72% vs 26%, p = 0.02) and less residual tumor was left (94% vs 74% tumor volume resected, p = 0.02; mean residual tumor volumes 0.6 cm 3 vs 22.8 cm
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, p = 0.01). Most prominently, perioperative blood loss was significantly lower after neoadjuvant chemotherapy (mean 22% vs 96% of estimated blood volume lost, p < 0.001). Age, weight, and estimated blood volume did not differ significantly between the 2 groups.
To assess independent predictors for a high blood loss, the parameters of age, weight, tumor volume resected, and neoadjuvant chemotherapy were compared in patients who lost < 25% versus those who lost ≥ 25% of their estimated blood volume during surgery (Table 3 ). In a multivariable logistic regression analysis including all 4 variables (age, weight, tumor volume resected, and neoadjuvant chemotherapy), the only independent factor influencing blood loss was the administration of neoadjuvant chemotherapy (p = 0.03, OR 10.1, 95% CI 1.2-82.8). This association is visualized in Fig. 3 , where blood loss in the resections performed after neoadjuvant chemotherapy and resections without previous neoadjuvant chemotherapy is reported in a box-and-whiskers plot. In the surgeries after neoadjuvant chemotherapy, not only is the median blood loss less, but it also appears that extreme amounts of blood loss of several total blood volumes did not occur after administration of neoadjuvant chemotherapy.
discussion
Choroid plexus carcinomas remain challenging to treat and have a dismal prognosis in a substantial proportion of patients affected. Based on our data and previous publications, the achievement of a gross-total resection appears to be prognostically favorable. 2, 5, [8] [9] [10] 12, 16, 17 In fact, all of the long-term survivors in our series underwent a near-total or gross-total resection of their tumor. As CPCs show a close relation to the ventricular system, the anatomical localization is commonly less of a concern when planning resection. Almost invariably, the reason for leaving tumor behind is excessive blood loss, particularly in very young children. In one of the early cases in our series, a patient died of hypovolemic cardiac arrest shortly after surgery.
The administration of neoadjuvant chemotherapy seems to address tumor hypervascularity very effectively. This effect was mentioned by St. Clair et al. in 1991 and confirmed in a series of publications afterward.
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Similarly, the beneficial effect of gross-total resection was published previously. 9, 10, 17 Surgeries after neoadjuvant chemotherapy in our patients do show a higher rate of grosstotal resections and smaller blood losses. In addition, the range of blood loss seems to be limited in the "surgeries with neoadjuvant chemo" group, meaning that extreme losses of over 2 blood volumes did not occur in any surgery performed after chemotherapy in our case series. When potential predictors for high blood loss were included in a logistic regression analysis, only neoadjuvant chemotherapy seemed to independently influence blood loss. This effect is best explained by the histological changes of tumor tissue after chemotherapy, leading to less vascular tissue, possibly a better brain-tumor border, and a blood supply that might be easier to control surgically. Even when the patient's clinical condition allows for delayed resection, the decision to perform only a diagnostic biopsy obviously has to be made during surgery. At our institution, the preoperative neuroradiologist's opinion combined with the level of certainty uttered by the neuropathologist (based on several frozen sections) ultimately led to the surgeon's decision. Definitive histology was always congruent to the diagnosis obtained from the quick section. However, getting a different definitive histological diagnosis after performing a biopsy only (i.e., plexus papilloma) is certainly a matter of concern. Alternatively, the surgeon might decide to proceed with the resection when feeling comfortable with the bleeding situationeven when a CPC is reported in the frozen section. In light of these considerations, the recommendation for individual surgical planning is to prepare for a tumor resection even when there is a high level of suspicion for a CPC. In these vascular tumors, needle or endoscopic biopsies in our opinion offer only insufficient options for hemostasis when intratumoral bleeding occurs.
Neoadjuvant chemotherapy does have clinical limitations. CPCs often present with CSF circulation impairment, and a presentation in extremis with decompensated obstructive hydrocephalus is not uncommon. The mean delay to definitive surgery due to the administration of neoadjuvant chemotherapy with the ICE regimen was 139 days in our series, time that might not be available in some cases. CSF diversion surgery or tumor debulking may be inevitable as an emergency treatment. Therefore it might be argued that patients in whom clinical status allows for biopsy, chemotherapy, and delayed resection do have a much better baseline than those who require emergent intervention and that these 2 groups are not comparable. We tried to overcome this possible bias with the definition of the "patients with neoadjuvant chemo" group. The only criterion for assignment to this group was resection following chemotherapy within 1 year. This group does include patients with a low neurological baseline who had to undergo an intervention for tumor debulking and CSF diversion dictated by clinical necessity and who underwent a second resection after administration of chemotherapy. It appears that these patients do not fare worse in terms of overall survival than those whose cases could be "ideally" managed by biopsy followed by chemotherapy followed by resection. The second argument against performing a diagnostic biopsy as a first intervention is in fact again the high vascularity of CPC and the often large size of these tumors at presentation. Of the 5 patients who initially underwent only biopsy procedures rather than resection, 2 suffered severe complications. One developed malignant brain edema requiring decompressive craniectomy, and one suf- fered an intratumoral hemorrhage needing emergent surgical evacuation. Therefore, the benefit for the patient with neoadjuvant chemotherapy in allowing for the best possible resection with minimized blood loss has to be carefully balanced against the risk of not performing volume reduction of a cerebral mass lesion. This decision should be made on a case-by-case basis, depending on the patient's clinical status, the size of the tumor, and the degree of hydrocephalus. In our series, the patients who tolerated delayed surgery best were-not surprisingly-those with supratentorial tumors of small or approximately median size and only moderate hydrocephalus. Keeping in mind these limitations, the substantial reduction of intraoperative blood loss and the increased likelihood of a gross-total resection provides ample evidence to support widespread adoption of the neoadjuvant regimen in patients with CPC.
One limitation of this manuscript is the nonrandom assignment of the patients into treatment groups. The decision to administer neoadjuvant chemotherapy was influenced by many factors. In the early cases in this series, this option was not considered at all. This means that the benefit of a resection after chemotherapy only became evident at the second attempt at resection, when a first attempt at gross-total resection had failed because of high blood loss or when the patient showed recurrence after adjuvant chemotherapy. Intentional diagnostic biopsies with the plan to administer neoadjuvant chemotherapy were performed at our institution beginning in 1999. Since then, when a diagnostic biopsy was the intention, clinical necessity sometimes forced the surgeon to alter the plan. In addition, the observational period spans 3 decades. Many other influencing factors have improved dramatically over this long time (neuroimaging, surgical technique, neuroanaesthesiology). Therefore, the best statement that can be made is that in this heterogeneous retrospective patient series, surgery following chemotherapy was associated with greatly decreased intraoperative blood loss and increased overall survival.
conclusions
In a retrospective review of 22 pediatric patients with CPC, the administration of neoadjuvant ICE chemotherapy was associated with dramatic reduction of intraoperative blood loss (from 96% of estimated total blood volume to 22%) in a total of 37 tumor resection procedures. This effect is-among others-likely to explain the much higher incidence of gross-total resections in the neoadjuvant chemotherapy group (83% versus 30%). Patients who did receive a gross-total resection showed a longer overall survival time.
Based on these observations, the administration of neoadjuvant chemotherapy after diagnostic biopsy is recommended in patients who do not need emergent tumor volume reduction. When debulking is inevitable at presentation, a second resection after chemotherapy is likely to result in a gross-total resection while minimizing blood loss and provides the best chance for long-term tumor-free survival. 
